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The biological properties of two recently described satellite RNAs of tomato bushy stunt virus (TBSV) were analyzed in
natural and experimental hosts. Full-length cDNA clones were constructed for sat RNAs B1(822 nt) and B10 (612 nt) and used
in inoculations with satellite-free transcripts of different tombusviruses. In all virus-host combinations tested, TBSV sat RNA
B10 drastically reduced the accumulation of viral genomic RNA and attenuated symptoms. In contrast, sat RNA B1 caused
a less marked reduction of viral RNA level and did not have any effect on symptoms. Experiments with Nicotiana benthamiana
protoplasts showed that the differential effects of sat RNAs B1 and B10 on TBSV titer were related to differential abilities to
interfere with virus replication. Three tombusviruses tested were able to maintain both sat RNAs in N. benthamiana plants,
although carnation Italian ringspot virus (CIRV) was a poor helper for sat RNA B1. Using chimeric viruses, a strong
determinant for low sat RNA B1 accumulation was mapped to the 59-terminal part of the genome of CIRV. The poor helper
activity of CIRV was shown to be due to low sat RNA B1 replication. A single-nucleotide mutation in the start codon of CIRV
ORF1 restored the ability to replicate sat RNA B1 to high levels. This mutant encodes an ORF1 that is 22 amino acids shorter
at the N-terminus than the wild-type virus. © 1999 Academic Press
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lINTRODUCTION
The Tombusvirus genus comprises a number of iso-
etric plant viruses encapsidating a single-stranded,
ositive sense RNA of ;4800 nucleotides that contains
t least five functional open reading frames (ORFs)
Russo et al., 1994). ORF1 encodes a 33-kDa protein
p33) and ORF2 encodes a 92-kDa protein (p92) ex-
ressed by readthrough of the stop codon of ORF 1. Both
33 and p92 are essential for tombusvirus RNA replica-
ion (Dalmay et al., 1993; Scholthof et al., 1995b; Molinari
t al., 1998; Oster et al., 1998). The RNA-dependent RNA
olymerase motif GDD is located in the readthrough
ortion of p92. The amino acid sequence of p33 does not
ontain any motif that may help to understand its role in
eplication, but p33 has been shown to be an integral
embrane protein probably implicated in the generation
f the membranous bodies in which tombusvirus repli-
ation seems to take place (Rubino and Russo, 1998).
enes in the 39 half of the tombusvirus genome are
xpressed via translation of two 39-coterminal sub-
enomic RNAs. The coat protein (CP) encoded by ORF3
s expressed from the larger subgenomic RNA (sg1), and
wo nested ORFs (ORF4 and ORF5) are expressed from
smaller subgenomic RNA (sg2). The CP and the pro-
1 To whom reprint requests should be addressed. Fax 34-91-
s854506. E-mail: erguez@cnb.uam.es.
129eins encoded by ORFs 4 and 5 (p22 and p19) are dis-
ensable for virus replication.
The type member of the tombusvirus, tomato bushy
tunt virus (TBSV), has been found associated in natural
nfections with two satellite RNA (sat RNA) species (Ce´lix
t al., 1997). TBSV sat RNAs B1 (822 nt) and B10 (612 nt)
ave no significant sequence homology except for a
egion ;50 nt long that is also present in TBSV genomic
nd in defective interfering RNAs generated in TBSV
nfections (Ce´lix et al., 1997), suggesting that it repre-
ents a site important for replicase recognition (Russo et
l., 1994). Sequence analysis of sat RNAs B1 and B10
uggests that they do not contain any functional ORFs.
nother sat RNA species was previously found in labo-
atory stocks of some tombusviruses (Gallitelli and Hull,
985). The sat RNA associated with cymbidium ringspot
irus (CymRSV sat RNA) has been sequenced (Rubino et
l., 1990) and has a size (621 nt) similar to that of sat RNA
10.
The biological properties of tombusvirus sat RNAs
ave not been studied extensively. Preliminary results
ndicate that sat RNA B10 attenuates the symptoms
nduced by the cherry strain of TBSV (TBSV-Ch) in
icotiana clevelandii, whereas the larger sat RNA B1
as no effect on symptom induction (Ce´lix et al., 1997).
here is also a report that CymRSV sat RNA attenuates
ymptoms in one experimental host tested, N. cleve-
andii (Burgya´n et al., 1989). Here we report the con-
truction of infectious clones of TBSV sat RNAs B1 and
0042-6822/99 $30.00
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130 CE´LIX, BURGYA´N, AND RODRI´GUEZ-CEREZO10 to study their effect on TBSV replication and symp-
om modulation in natural and experimental hosts. Our
esults show that sat RNA B10 reduces TBSV genomic
NA replication more than the larger sat RNA B1, and
his is accompanied by a symptom-attenuating effect
f sat RNA B10 in all hosts tested. We also have tested
he ability of two tombusviruses, CymRSV and carna-
ion Italian ringspot virus (CIRV), to support sat RNAs
1 and B10. We report that CIRV has a negative de-
erminant for sat RNA B1 replication that resides in the
9-terminal part of the genome and can be eliminated
y a single nt mutation that changes the position of the
IRV ORF 1 initiation codon.
RESULTS
ontruction and analysis of full-length clones of TBSV
at RNAs
Plasmids pSATB1 and pSATB10, containing full-length
DNA copies of TBSV sat RNAs B1 and B10, were pro-
uced by RT–PCR using primers designed from the pre-
iously determined sat RNA sequences (Ce´lix et al.,
997). Sequencing of pSATB1 and pSATB10 showed no
ifferences with the previously reported sat RNA se-
uences (not shown). The forward oligonucleotide was
inked to a T7 promoter so that transcription would start
t a G residue. The 59-terminal residue of sat RNAs B1 or
10 has not been determined, therefore the in vitro syn-
hesized transcripts may differ from the native sat RNAs
t this position.
Plasmids pSATB1 and pSATB10 were digested with
maI before transcription, producing in vitro tran-
cripts ending with -CCC at their 39 termini. This se-
uence is identical to the 39 end of sat RNA B1 but
iffers in one base from the 39 end of sat RNA B10
-GCC) as determined by direct RNA sequencing (Ce´lix
t al., 1997). It has been shown that the 39 terminus of
he sat RNA of the tombusvirus CymRSV is heteroge-
eous and terminates with one to three C residues
Dalmay and Rubino, 1995). We obtained cDNA clones
sing as templates in vitro polyadenylated native sat
NAs B1 and B10. Five clones of sat RNA B1 and three
lones of sat RNA B10 were sequenced and all ended
ith -GCCC before the poly(A) tail (not shown). This
iscrepancy in the last nucleotide of sat RNA B10 may
e due to an erroneous determination of the last res-
due by enzymatic RNA sequencing, and we consider
ow that both TBSV sat RNA B1 and B10 may have
GCCC as 39 terminal sequence. Coinoculation of in
itro synthesized transcripts of pSATB1 or pSATB10
ith RNA transcribed from a plasmid containing a
ull-length clone of TBSV-Ch (pTBSV100, Hearne et al.,
990) resulted in accumulation of both virus and sat
NA in N. benthamiana (not shown). affects of sat RNAs B1 and B10 on TBSV infection
nd replication
Two natural hosts (tomato and eggplant) and one ex-
erimental host (N. benthamiana) were used to study the
ffect of sat RNAs B1 and B10 on TBSV-Ch accumulation
nd symptom induction. Inoculated leaves were col-
ected, and total RNA isolated from leaf tissue was ana-
yzed by Northern blot with three probes, one specific for
BSV genomic and subgenomic RNAs and one probe
pecific for each sat RNAs B1 and B10. As shown in Fig.
A, all host plants supported sat RNAs B1 and B10. The
resence of sat RNA B10 in the inoculum substantially
educed the amount of TBSV genomic RNA (gRNA) in the
hree host plants, whereas the presence of sat RNA B1
esulted in a less pronounced reduction of TBSV gRNA
oncentration in the leaf. A quantitative estimation of the
ffect of sat RNAs on reduction of gRNA levels is shown
n Fig. 1B. We also estimated the concentration of each
at RNA in total RNA preparations from inoculated
eaves. For this, we included in the Northern blot analy-
es a series of concentration standards of purified sat
NAs (not shown). Sat RNA B1 had always similar or
igher concentration than sat RNA B10 in the total RNA
reparations analyzed. In N. benthamiana, the host plant
sed in the replication analyses described below, the
verage concentrations estimated were 294 ng (;1.0
mol) per milligram of tissue for sat RNA B1 and 99 ng
;0.47 pmol) per milligram of tissue for sat RNA B10.
The results of Northern blot analyses of systemically
nfected leaves were very similar to those described
bove for inoculated leaves (not shown). TBSV gRNA
evels were drastically reduced (to undetectable levels in
ome cases) in the upper leaves of plants inoculated
ith sat RNA B10, probably reflecting in part the strong
nterference with virus accumulation observed in the
noculated leaf. In the three host species tested, the
resence of sat RNA B10 resulted in a dramatic attenu-
tion of the symptoms of systemic necrosis induced by
BSV-Ch, whereas sat RNA B1 did not modify TBSV-Ch
ymptoms. An example of the results obtained with to-
ato plants is presented in Fig. 2. In another set of
xperiments, both sat RNAs were inoculated in equal
oncentrations with TBSV-Ch in the same N. benthami-
na leaf. The effect of sat RNA B10 was dominant, and
BSV-Ch symptoms were attenuated (not shown). Also,
n these doubly inoculated leaves there was a strong
eduction of TBSV gRNA levels, and both sat RNAs could
e detected by hybridization although sat B10 was more
bundant (not shown). The yield of TBSV-Ch virions pu-
ified from infected N. clevelandii leaves (0.98 6 0.83
g/g) also was reduced by sat RNA B10 (0.32 6 0.2
g/g) and to a lesser extent by sat RNA B1 (0.51 6 0.3
g/g).
To study if the differential reduction of TBSV gRNAccumulation in plants was due to specific effects of
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131TBSV sat RNAs EFFECTS ON TOMBUSVIRUS INFECTIONach sat RNA on virus replication, we prepared N.
enthamiana mesophyll protoplasts and inoculated them
ith TBSV-Ch transcripts with or without sat RNA tran-
cripts. Protoplasts were collected for total RNA extrac-
ion at 0, 10, and 24 h p.i. and analyzed by Northern blot
ybridization. The experiment was repeated three times,
nd the results of one of the repetitions are shown in Fig.
FIG. 1. Effects of sat RNAs B1 and B10 on TBSV-Ch accumulation in e
rom inoculated leaf tissue. Plants were inoculated with TBSV-Ch (unlab
at RNA B10 (1B10 lanes). Nucleic acids were detected using three pro
ubgenomic (sg1 and sg2) RNAs and one probe for each sat RNA. (B) Es
evels by the presence of sat RNAs in the inoculated leaf based on de
he experiment presented in (A).A. In agreement with the results from inoculated leaves, roth sat RNAs interfered with TBSV gRNA accumulation
n protoplasts, but the inhibition caused by sat RNA B10
as stronger. Densitometric analysis of the autoradio-
rams was performed and used to estimate the relative
evels of TBSV gRNA (Fig. 3B). By 24 h p.i., sat RNAs B10
nd B1 had caused an average reduction of the levels of
BSV gRNA of ;90 and ;50%, respectively, and the
ntal and natural host plants. (A) Northern blot analysis of RNA extracts
nes), with TBSV-Ch plus sat RNA B1 (1B1 lanes) or with TBSV-Ch plus
e specific for the 39end of TBSV-Ch RNA that detects genomic (g) and
n (average and standard error bars) of the reduction of TBSV-Ch gRNA
etric analysis of autoradiograms corresponding to three repetitions ofxperime
eled la
bes, on
timatio
nsitomeduction was ;84% when a mixture of both sat RNAs
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132 CE´LIX, BURGYA´N, AND RODRI´GUEZ-CEREZOas used in the inoculum, showing again the dominant
ffect of sat RNA B10. It is worth noting that by 10 h p.i.,
he reduction of TBSV gRNA levels was already signifi-
ant in all treatments with sat RNAs (Fig. 3B). In contrast
ith the results obtained from inoculated leaves of N.
enthamiana (Fig. 1A), the results presented in Fig. 3A
uggested that sat RNA B1 accumulated to much lower
evels than sat RNA B10 in N. benthamiana protoplasts.
he poor survival of infected protoplasts beyond 24 h p.i.
revented us from studying if this difference in sat RNA
oncentration persisted with time or else was due to
lower kinetics of sat RNA B1 replication, which might
ventually reach levels similar to sat RNA B10.
upport of TBSV sat RNAs by CymRSV and CIRV
CIRV and CymRSV are tombusviruses that present
ignificant biological differences with TBSV, including
ifferent host ranges. To compare the capacity of
ymRSV and CIRV to support TBSV sat RNAs B1 and B10
ith that of the homologous virus, we used N. benthami-
na plants because all three viruses had been shown to
nfect this host. Analysis of inoculated leaves collected 5
ays p.i. showed that CymRSV and CIRV could act as
elper viruses of TBSV sat RNAs B1 and B10 (Fig. 4). The
fficiency of these tombusviruses as helpers of sat RNA
10 was similar to that of TBSV-Ch. In contrast, CIRV was
poor helper of sat RNA B1 when compared with
FIG. 2. Symptoms induced in tomato plants by TBSV-Ch with or with
he symptoms of systemic necrosis and death, whereas the presenceymRSV or TBSV-Ch. The comparison with CymRSV was sore significant because CIRV and CymRSV gRNA
eached similar levels in N. benthamiana leaves (Fig. 4).
igure 4 also showed that each sat RNA had a differen-
ial effect on reduction of CIRV and CymRSV gRNAs in N.
enthamiana, similar to the effect described for TBSV-Ch
RNA (Fig. 1). Again, when CIRV or CymRSV were used
s helper viruses, sat RNA B10 attenuated symptoms,
hereas sat RNA B1 did not affect symptom expression
not shown).
apping in CIRV a determinant for low accumulation
f sat RNA B1
Because CymRSV and CIRV differed in their ability to
upport sat RNA B1 in N. benthamiana, we mapped the
enetic determinant of this property by using a previ-
usly reported collection of plasmids created by inter-
hanging restriction fragments between full-length cDNA
lones of CIRV and CymRSV (Burgya´n et al., 1996). The
ecombinant RNAs resulting from in vitro transcription of
IRV-CymRSV chimeric clones were inoculated with or
ithout sat RNA B1 in N. benthamiana, and the inocu-
ated leaves were analyzed 5 days p.i. by Northern blot
ybridization (not shown). After densitometric scanning
f the blots, the levels of sat RNA B1 supported by each
himeric virus were compared and referred to the levels
upported by parental virus CymRSV. The results and the
chematic structure of each chimeric virus tested are
t RNAs. The presence of sat RNA B1 in the inoculum does not modify
RNA B10 leads to almost asymptomatic infections.out saummarized in Fig. 5.
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133TBSV sat RNAs EFFECTS ON TOMBUSVIRUS INFECTIONReplacement (beginning from the 39 end) of increasing
arts of CymRSV gRNA by those of CIRV up to approxi-
ately half of ORF1 did not abolish efficient accumula-
ion of sat RNA B1 (Fig. 5, chimeric viruses 116/1, 81/8,
8/5, and 109/1). Examination of additional chimeric vi-
uses confirmed that those having the 59-part of the
FIG. 3. Effect of sat RNAs B1 and B10 on TBSV-Ch replication in pro
f RNA extracts from protoplast samples taken 2, 10, and 24 h p.i. with T
dded to the inoculum (lanes TBSV-Ch1sat RNA B11sat RNA B10) in e
stimation (average and standard error bars) of the levels of TBSV-Ch
hree repetitions of the experiment presented in (A).enome (including ORF1) derived from CymRSV, regard- ness the origin of the rest of the genome, were able to
upport high levels of sat RNA B1. All viruses with this
egion fully derived from CIRV produced low or undetect-
ble levels of sat RNA B1. Comparison of two viruses in
hich ORF1 had a chimeric origin (cf. 101/2 and 109/1,
ig. 5) supported that the 39-terminal half of ORF1 was
of Nicotiana benthamiana mesophyll cells. (A) Northern blot analysis
h RNA with or without sat RNAs. In one treatment, both sat RNAs were
mounts. Blots were hybridized with the same probes used in Fig. 1. (B)
n protoplasts samples obtained by densitometry of autoradiograms oftoplasts
BSV-C
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gRNA iot important in determining high accumulation of sat
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134 CE´LIX, BURGYA´N, AND RODRI´GUEZ-CEREZONA B1. Therefore a strong determinant for low accumu-
ation of sat RNA B1 mapped in CIRV to a 59-terminal
ortion of the genome that extended to half of ORF1.
ther regions of the viral genome also affected sat RNA
1 accumulation but to a lesser extent as suggested by
he limited variability in the levels of sat RNA supported
y chimeric viruses with the 59 terminal region plus ORF1
erived from the same parent (Fig. 5).
A unique characteristic of CIRV is that the initiation
odon of ORF1 is positioned in the gRNA upstream from
he position of the equivalent codon of CymRSV and
ther tombusviruses (Rubino et al., 1995; Burgya´n et al.,
996). This feature (illustrated in Fig. 6A) results in CIRV
aving a shorter 59-terminal untranslated region and a
arger ORF 1 (36 kDa) than CymRSV (33 kDa). The CIRV
ingle-nucleotide mutant C80 (Burgya´n et al., 1996) had
een previously designed so that the first AUG available
as at position 144–146 (Fig. 6A). Thus the product of the
RF 1 mutant C80 will be 22 amino acids shorter in the
-terminus than the wild-type CIRV protein. Mutant C80
as inoculated in N. benthamiana with or without sat
NAs B1 and B10, and its ability to accumulate sat RNA
as compared with that of the wild-type virus CIRV. As
hown in Fig. 6B, the point mutation present in C80 was
nough to confer to CIRV the ability to support larger
mounts of sat RNA B1, comparable with those sup-
orted by other tombusviruses (Figure 4). Finally we
xamined whether the defect of CIRV in maintaining
fficiently sat RNA B1 when compared with mutant C80
as due to a lower efficiency as helper in sat RNA
eplication. The analysis of N. benthamiana protoplasts
resented in Fig. 6C supports this hypothesis. As shown
y the Northern blots, the increased levels of sat RNA B1
FIG. 4. Support of TBSV sat RNAs B1 and B10 by three tombusvi-
uses in N. benthamiana plants and the effects of sat RNA on tombus-
iral RNA accumulation. Northern blot analysis of RNA extracts from
noculated leaves. Viral genomic (g) and subgenomic RNAs (sg1 and
g2) were detected with probes specific for the 39-terminal sequence of
ach helper virus. Sat RNAs were detected with probes specific for
ach sat RNA B1 or B10.aintained by mutant C80 are related to a much more tfficient replication of this molecule by C80 when com-
ared with CIRV.
DISCUSSION
iological effects of TBSV sat RNAs B1 and B10
We have studied two sat RNA molecules detected in a
ecent outbreak of TBSV (Ce´lix et al., 1997), and they
resent clear differences in their ability to interfere with
ombusvirus infection regardless of the helper virus or
ost plant studied. In all virus-host combinations tested,
BSV sat RNA B10 lowers dramatically the titer of helper
irus and attenuates disease symptoms. In contrast,
BSV sat RNA B1 causes only a moderate descent of
irus levels and has no effect on symptoms development.
Our work shows that the effects of sat RNAs B1 and
10 on virus titer in planta are related to interference with
BSV RNA replication. In N. benthamiana protoplasts,
he titer of TBSV gRNA is reduced more by the attenuat-
ng sat RNA B10 than by sat RNA B1. This differential
ffect on virus replication could account for the differ-
nces observed in symptom modulation. Tombusviruses
lso support defective interfering RNAs (DI RNAs) that
ften attenuate disease symptoms (Russo et al., 1994)
nd, like sat RNAs B1 and B10, inhibit virus replication
Jones et al., 1990). However, examination of many tom-
usvirus-DI RNA combinations indicate that suppression
f gRNA replication is not always responsible for the
ttenuation of symptoms (Havelda et al., 1998). It has
een proposed that the protecting properties of tombus-
irus DI-RNAs are due to selective inhibition of sgRNA
ccumulation and ORF5 expression (Scholthof et al.,
995a), although this specific inhibition has not been
ound by others (Havelda et al., 1998). We have not
easured the effects of sat RNAs B1 and B10 on the
ccumulation of specific virus proteins, but our Northern
lot analyses do not clearly support specific inhibition of
gRNA accumulation by the presence of sat RNAs. In the
irus-host combinations tested with sat RNAs B1 and
10, we have found a clear correlation between interfer-
nce with gRNA accumulation and symptom attenuation.
The mechanisms by which TBSV sat RNAs B1 and B10
nterfere with virus replication are not known, although it
s widely accepted that competition for limited replication
actors between the helper virus genomic RNA and sat
NAs may be involved (Roossinck et al., 1992). Our
xperiments with N. benthamiana protoplasts suggest
hat limiting concentrations of replication factors are
eached already at 10 h p.i. Sat RNA B10 is a more
fficient competitor of gRNA for replication factors than
at RNA B1, as suggested by the final levels of TBSV
RNA. The better efficiency of sat RNA B10 as competitor
or the replication machinery is supported also by the
esults of protoplasts doubly infected with both sat RNAs
Fig. 3). Because of the limited survival of infected pro-
oplasts, we cannot conclude from these experiments
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135TBSV sat RNAs EFFECTS ON TOMBUSVIRUS INFECTIONhether sat RNAs B1 or B10 reach different final con-
entrations. However, the intensity of the signal at the
nd of the experiment (24 h p.i.) suggests that sat RNA
FIG. 5. Identification of viral genetic determinants for ability to suppo
ollection of viruses (Burgya´n et al., 1996) created by interchanging fr
oxes, poor helper) was used to inoculate plants along with sat RNA B
iven by Burgya´n et al., (1996). For each virus, the levels of sat RNA
utoradiograms, and the values were corrected according to the acc
orrected values are shown in the figure expressed as percentage of t1 is replicated to much lower levels than sat RNA B10 an N. benthamiana protoplasts. On the other hand, we
ave shown that sat RNA B1 reaches higher concentra-
ion in inoculated N. benthamiana leaves. Thus if there
levels of sat RNA B1 in N. benthamiana leaves. A previously reported
ts between CymRSV (shaded boxes, efficient helper) and CIRV (open
denomination of each chimeric virus in the figure corresponds to that
leaves were estimated by densitometric scanning of Northern blots
ion level of the genomic RNA of each helper virus (not shown). The
unt of sat RNA supported by the most efficient helper virus (CymRSV).rt high
agmen
1. The
B1 in
umulatre differences in the concentration of each sat RNAs
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136 CE´LIX, BURGYA´N, AND RODRI´GUEZ-CEREZOer infected cell these are likely compensated in the leaf
y their different interfering effect on TBSV-Ch infection.
determinant in CIRV genome for defective sat RNA
1 replication
TBSV sat RNA B10 is supported with similar efficiency
FIG. 6. Restoration of the ability to replicate high levels of sat RNA
1 in the CIRV single nucleotide mutant C80. (A) Schematic structure of
he 59-terminal portion of the genome of CIRV and its mutant C80 and
omparison with that of another tombusvirus, CymRSV. The black lines
ndicate the 59-terminal untranslated region. Mutant C80 has a mutation
t position 78 (AUG to AUC) that places the predicted initiation codon
f ORF1 in a position more similar to that of other tombusviruses. (B)
upport of sat RNAs B1 and B10 by CIRV and by mutant C80 in
noculated leaves of N. benthamiana. (C) Levels of sat RNAs B1 and
10 observed 24 h p.i. of N. benthamiana protoplasts using CIRV or C80
s helper viruses. Mock-inoculated protoplats are analyzed in lane M.
n (B) and (C), RNA extracts were analyzed by Northern blots with a
robe specific for CIRV RNA 39 terminus that detects genomic (g) RNA
nd subgenomic RNAs (sg1 and sg2) of both CIRV and mutant C80, and
ith probes specific for each sat RNA.n N. benthamiana by three tombusviruses (TBSV, rymRSV, and CIRV, Fig. 4) and by several TBSV strains
not shown). TBSV sat RNA B1, in contrast, is poorly
upported by CIRV. A specific defect in the CIRV-sat RNA
1 interaction occurs at the level of sat RNA replication,
nd one determinant has been mapped to the 59 termi-
us of the CIRV genome. Changing the initiation codon of
IRV ORF1 from position 78 to position 144 is enough to
estore high levels of sat RNA B1 replication. A likely
nterpretation of these results is that the longer product
f ORF1 (p36) of CIRV and/or its readthrough product
p95) are inefficient in sat RNA B1 replication, whereas
he shortened versions of CIRV p33/p92 (translated from
UG 144) are very efficient. Both p33 and p92 are strictly
equired for tombusvirus genomic and DI RNA replica-
ion (Dalmay et al., 1993; Scholthof et al., 1995b). There-
ore both proteins are likely involved in sat RNA replica-
ion. An alternative, or additional, effect of the mutation in
RF1 start codon could be altering a cis-acting se-
uence of CIRV RNA involved in sat RNA replication. In
avour of the hypothesis that the N-terminal region (;22
as) of CIRV p33/p92 contains a negative determinant for
at RNA B1 replication is the absence of this region in
everal TBSV strains, which are all efficient helpers of
at RNA B1.
Interestingly, this determinant is specific and is not
anifested in sat RNA B10 replication, for which CIRV is
good helper. This observation could be related to the
ole of p33 in virus replication. Uncoupled translation of
33 and p92 from different molecules in artificial comple-
entation systems allows amplification of viral RNAs,
ut preferentially those from which p33 is translated
Molinari et al., 1998; Oster et al., 1998). Therefore there
s indirect evidence that the function of p33 in replication
s performed preferentially in cis, and it is likely that p33
nteracts directly with the RNA molecule to be replicated.
he efficiency of the “recognition” of p33 of an heterolo-
ous RNA (sat RNA) in trans could be very specific and
ary with sat RNA sequence and/or structure. Our results
uggest that the N-terminus of the p33 molecule could
e important for specific interactions with sat RNAs. This
egion of p33 is predicted to face the cytoplasmic part of
he membranes where p33 is integrated, and is very
ariable among tombusviruses (Rubino and Russo,
998).
There are few reports on viral genetic determinants
mportant for supporting sat RNAs. As reported here for
ombusviruses, for other helper viruses the efficiency
nd specificity in supporting a sat RNA often occurs at
he level of sat RNA replication. In the cucumovirus
ucumber mosaic virus (CMV), the lack of replication of
at RNA by strain CMV-Sny is due to a single amino acid
hange in the 1a protein (Roossinck et al., 1997), a
eplication protein with putative roles as methyl-trans-
erase and helicase. The change may affect one of the
elicase domains of the protein. For another cucumovi-us, peanut stunt virus, the inability to replicate sat RNA
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137TBSV sat RNAs EFFECTS ON TOMBUSVIRUS INFECTIONlso maps to RNA1 (which encodes protein 1a) of a
roup of strains (Hu et al., 1998). It appears that viral
eplication proteins other than the viral polymerase play
mportant roles in the specificity of sat RNA replication.
MATERIALS AND METHODS
onstruction of full-length cDNA clones of TBSV sat
NAs and analysis of 39-terminal sequence
eterogeneity
Plasmids pSATB1 and pSATB10, containing full-length
DNA copies of TBSV sat RNAs B1 and B10, were con-
tructed by RT–PCR using primers designed from previ-
usly determined sat RNA sequences (Ce´lix et al., 1997).
irst-strand synthesis was primed with oligonucleotide
9 GGCCCCGGGCTGTC 39, complementary to the 39-
erminal eight nucleotides of TBSV sat RNAs followed by
SmaI cloning site. The forward primer was 59 CGGAAT-
CTAATACGACTCACTATAGGAAATTCTCTG 39, contain-
ng an EcoRI cloning site followed by the consensus
equence of the bacteriophage T7 RNA polymerase pro-
oter and 10 residues identical to the 59 termini of both
BSV sat RNAs (underlined). The amplified fragments
ere ligated into EcoRI-SmaI-digested pUC19 and used
or transformation of Escherichia coli strain DH5a. The
esulting recombinant plasmids pSATB1 and pSATB10
ere sequenced by the dideoxynucleotide chain termi-
ation method using Sequenase (Amersham Interna-
ional, Bucks, UK). RNA transcripts were generated in
itro from SmaI-linearized pSATB1 or pSATB10 without
sing a cap analogue, following standard procedures
Sambrook et al., 1989).
To analyze sequence variability at the 39 termini of sat
NAs, 2 mg of polyacrylamide gel-purified sat RNA was
olyadenylated using yeast poly(A)-polymerase (USB).
irst-strand cDNA synthesis was primed with oligo(dT),
nd after second-strand synthesis (Gubler and Hoffman,
983), the cDNAs were ligated to EcoRV-digested, de-
hosphorylated pBluescript (Stratagene, La Jolla, CA).
ollowing transformation of E. coli strain DH5a, the re-
ombinant clones obtained were sequenced by the
ideoxynucleotide chain termination method using Se-
uenase (Amersham International).
iological assays in plants and protoplasts
N. benthamiana, eggplant (Solanum melongena cv
iva), and tomato (Lycopersicon esculentum cv Money-
aker) plants were inoculated (10 ml per leaf, 1 leaf per
lant) with helper viruses with or without sat RNAs B1
nd B10 in vitro-synthesized transcripts. Satellite-free
nocula of the tombusviruses used as helper viruses was
btained by in vitro transcription of cDNA clones of
BSV-Ch (Hearne et al., 1990) (the gift of A. Jackson, UC
erkeley), of CymRSV (Burgya´n et al., 1990), and of CIRV,Burgya´n et al., 1996). The concentrations used were 100 tg helper virus RNA/ml and 40 mg sat RNA/ml of inoc-
lation buffer (0,1 M Na2HPO4, pH 9). Inoculated plants
ere kept in a glasshouse (20–25°C, 16 h light), except
omato plants, which were kept in a growth chamber at
6–18°C. The inoculated leaf was sampled 5 days p.i. in
he case of N. benthamiana or 7 days p.i. for tomato and
ggplant. Leaves above the inoculated one were sam-
led 7 days (N. benthamiana) or 10 days p.i. (tomato and
ggplant).
Mesophyll protoplasts were prepared from N.
enthamiana leaves as described by Negrutiu (1992).
liquots of 106 protoplasts were infected by electropora-
ion with helper virus RNA transcripts (50 mg) with or
ithout 20 mg sat RNA transcripts.
NA extraction from plants and protoplasts
nd hybridization analyses
Total RNA was extracted from 0.2 g of leaf tissue as
escribed (Ce´lix et al., 1997). Total RNA from N.
enthamiana protoplasts was obtained from aliquots of 2
105 protoplasts disrupted with 100 ml of 2% SDS, 100
M Tris–HCl, pH 8, 10 mM EDTA. Virions of TBSV-Ch
ere purified from leaf tissue and encapsidated RNAs
ere extracted as described (Ce´lix et al., 1997).
For Northern blot analyses, total RNA preparations
ere quantified and 3 mg was subjected to electrophore-
is in 1.5% agarose gels in 0.5 3 TBE (45 mM Tris–
orate; 1 mM EDTA). Nucleic acids were transferred by
apillarity to Hybond membranes (Amersham). Viral RNA
as detected with 32P-labeled probes prepared by re-
erse transcription of TBSV-Ch, CymRSV, or CIRV RNA
ranscripts with oligonucleotide 0–2 (Luis-Arteaga et al.,
996), complementary to a consensus sequence for tom-
usviral 39-end residues. For detection of CymRSV-CIRV
himeric viruses, two types of 32P-labeled probes were
repared. A PCR-amplified fragment corresponding to nt
647–4733 of CymRSV genomic RNA was used to detect
himeric viruses that had the 39-terminal region derived
rom CymRSV. A second PCR-amplified fragment was
btained from nt 4676–4760 of CIRV and was used to
etect all chimeric viruses with 39 termini derived from
IRV. For detecting sat RNAs, 32P-labeled cDNA probes
ere prepared from gel-purified sat RNAs B1 or B10 with
everse transcriptase (Seikagaku America) using as
rimers random hexamers (Boehringer).
Quantitative Northern blot analyses were done by
oading in Hybond membranes a series of standards of
nown concentration of gel-purified sat RNAs B1 and
10. After hybridization with sat RNA probes the scanned
mages of the autoradiograms were analyzed with the
ational Institutes of Health Image program. Blots also
ere hybridized with a 18s rRNA probe (the gift of J.
a´nchez-Serrano, CNB-CSIC) as an internal loading con-rol.
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